Unraveling the mechanisms responsible for the interfacial region formation in 4H-SiC dry thermal oxidation Aiming to understand the processes involved in the formation of the transition region between SiO 2 and SiC, known as the interfacial region, early steps of SiC oxidation were investigated using mainly nuclear reaction analyses. Oxidation kinetics reveals that an abrupt change in the oxidation mechanism is observed in C-face oxide films when their thickness is around 10 nm, while a continuous change in the oxidation mechanism is observed in Si-face oxide films with thicknesses up to about 4 nm. This last thickness corresponds to the maximum width of the interfacial region. Changes observed in the oxidation mechanism were related to oxidation reaction and interfacial atom emission that may take place during oxide film growth. Besides, the activation energies of such processes were obtained. Published by AIP Publishing. https://doi
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I. INTRODUCTION
Silicon (Si) still is the most used semiconductor in the micro-and nanoelectronics industry. The possibility to grow an oxide film with great interface properties allowed the conception of several silicon metal-oxide semiconductor (MOS) devices. However, Si physical properties are insufficient for applications that involve high voltage, temperature, power, and frequency. For such applications, silicon carbide (SiC) is a good alternative, 1 since it is a wide bandgap material (3.2 eV for 4H-SiC), with high breakdown field (2.8 MV cm À1 ), thermal conductivity (4.9 W cm À1 K
À1
, higher than that of copper), and saturation velocity (2 Â 10 7 cm s
). 1 In addition, SiC is the only semiconductor, besides Si, on which a silicon dioxide (SiO 2 ) film can be thermally grown, allowing us to adapt a good part of Si MOS technology to SiC. However, it presents slower oxidation rates than Si 1 and a channel mobility much lower than the value expected from the bulk material. 1 This fact is mainly attributed to the presence of a high density of electrically active defects in the SiC/SiO 2 interfacial region, which is not as abrupt as in the case of Si, 2, 3 and where incompletely oxidized Si and C can be found, mainly in the form of silicon oxycarbides. [4] [5] [6] Since it is believed that channel mobility is closely related to the quality of the SiC/SiO 2 interfacial region, a better understanding of the mechanisms taking place in early steps of SiC thermal oxidation, which is when the interfacial region is being formed, is crucial for the improvement of SiC-MOSFET devices.
Some years ago, Hijikata et al. proposed a kinetic model based on interfacial Si and C emission. 7 Later on, both Si and C emission from the substrate could be verified. 8, 9 Recently, Goto and Hijikata proposed an unified theory for SiC dry thermal oxidation, 10 based on the interfacial Si and C emission model, which manages to describe oxide growth in the entire oxide thickness range. In the present work, we have found that different processes take place during the interfacial region formation and that some of them can be related to atom emission from the substrate, corroborating Goto and Hijikata hypothesis. Moreover, we obtained activation energies (E a ) of those processes for thermal oxidations carried out in conditions known to yield good interfacial properties, such as low oxygen pressure. 4 
II. EXPERIMENTAL PROCEDURES
Samples cut 5 Â 5 mm 2 from a 3-in. single crystalline 4H-SiC, non-epitaxial, on-axis, nitrogen doped with N D -N A ¼ 3.1 Â 10 15 cm
À3
, research grade wafer, polished on both C (000 1) and Si (0001) faces, purchased from CREE Inc. were employed as substrates. In order to achieve surface cleanliness and uniformity among samples, they were chemically treated following the same procedure: 11 piranha solution (H 2 SO 4 95% and H 2 O 2 , 4:1), standard RCA process, 12 and HF etching (H 2 O and HF 40%, 9:1). Each step lasted 10 min at 80 C, except the HF etching that lasted 1 min at room temperature. After each solution, samples were rinsed with deionized water. As soon as the cleaning steps were over, samples were dried with gaseous nitrogen (N 2 ) and immediately loaded into the static-atmosphere quartz-tube reactor, where vacuum pumping took place, reaching 10 À8 mbar. By using a liquid nitrogen trap, oxidations were performed in a dry atmosphere (<1 ppm H 2 O). The oxidant species was oxygen enriched at 97% in the 18 18 O nuclide, it is possible to differentiate between oxygen incorporation sources other than the thermal treatment, such as from air exposure. In addition, all samples were oxidized using a "u-shaped" sample holder, such that both C and Si faces were exposed to 18 O 2 and oxidized simultaneously. The idea was to grow thin thermal oxide a) E-mail: gustavo.dartora@ufrgs.br films in such a way that the interfacial region is still under formation, allowing us to study the effects of the parameters involved, namely, temperature, pressure, and duration of the thermal treatment. For that, low oxidation rates with different combinations of parameters were used. Thermal treatments were carried out in different combinations of 18 O 2 pressure (100, 150, and 200 mbar), temperature (900, 1000, 1100, and 1150 C), and time ($4, 30, 45, 60, and 150 min). The notation "$4 min" represents the time needed for the sample to go from room temperature to oxidation temperature, which is 3 min for 900 C and 4.5 min for 1150 C. Analyses consist of measuring the depth distribution of 18 O by Nuclear Reaction Profiling (NRP), simulating experimental data using the FLATUS code, 13 as well as determining the total amount (also known as areal density) of 18 O incorporated in each sample by Nuclear Reaction Analysis (NRA), 14 by correlating the sample signal with the signal of a standard Si 18 O 2 film on Si. 15 Both information were achieved using the nuclear reaction on 18 O mentioned above, with proton beams about 151 and at 730 keV, to induce NRP and NRA, respectively. Assuming that films are stoichiometric with a given SiO 2 density, the oxide thickness can be determined from NRA results. In this work, we used 2.2 g/ cm À3 as SiO 2 density, as determined from an X-ray reflectivity measurement (Fig. 1) . Note that this is roughly the same density for SiO 2 films thermally grown on Si. 16 Although this conversion is an approximation, since the density of SiO 2 films grown on SiC is shown to be non-uniform (see Fig. 1 and Ref. 17) , the 18 O areal density data remain valid because they are directly related to oxygen incorporation. Thus, in all plots, besides 18 O areal density, the "oxide thickness" will be also included for the sake of comparison with results obtained using other analytical techniques.
III. RESULTS AND DISCUSSION
In the case of present samples, oxygen incorporation ranged from 3.7 Â 10 15 to 1.2 Â 10 17 atoms/cm 2 , yielding oxide film thicknesses between $1 and $27 nm. In Fig. 2 are the experimental data for both SiC polar faces of all sets of samples. All experimental points were fitted by straight lines, evidencing that the growth is not diffusion-limited 18 for both faces in the thickness range investigated. Oxygen incorporation rates (a) extracted as the slopes of Fig. 2 fittings were used to generate Arrhenius plots for C-face and Si-face oxide films, which will be shown through the text.
Since extensive work regarding analysis of the physical and compositional properties of the transition layer between SiC and SiO 2 has already been done, 4, 6, [19] [20] [21] revealing, among other facts, that this interfacial region is composed of silicon oxycarbides, we will focus on relating those properties to oxidation kinetics, mechanisms, and models available in the literature. Figure 1 shows that interfacial region density is in between those of SiC and SiO 2 , being in accordance . Points represent experimental data and lines represent fittings. Full symbols and solid lines concern (000 1) C-face oxidations while empty symbols and dashed lines concern (0001) Si-face oxidation. All plots share the same symbol key and axes units. In the righthand Y axes are film thicknesses that were determined assuming a uniform SiO 2 film density equal to 2.2 g/cm 3 . Bars represent an overall experimental inaccuracy of 10%.
with previous findings, 22 as shown in Table I . Moreover, NRP data and simulations shown in Fig. 3 reveal that the Si-face interfacial region presents a gradual oxygen concentration profile and reaches a maximum width of $4 nm (measured from 90% to 10% of maximum 18 O concentration, which is presented as SiO 2 stoichiometry in the inset of Fig. 3 ) irrespective of total oxide thickness. A similar behavior was observed for C-face oxide films (not shown) and is in accordance with previous findings. 23 According to the "Si and C emission model," 7, 10 SiC oxidation is facilitated by the strain generated due to the expansion of the SiC lattice in order to form amorphous SiO 2 , which has a lower atomic density than SiC. As the oxide film thickens up, interstitials accumulate and reduce the oxidation rate, which is interpreted as the oxygen incorporation rate in this work. If this is true, atom emission from the substrate should be intrinsically related to the formation of the interfacial oxycarbide region. Based on the results from Figs. 1 and 3, we suggest that atom emission processes may be the cause for the gradual oxygen concentration profile observed, and the reduction in the emission process may be a result of an ease in the strain, caused by a variation in the density of the interfacial region, which tends to smooth the density gradient from that of SiC to the one of SiO 2 as the interstitials accumulate and get oxidized. Our hypothesis is in accordance with the very recent work concerning the strained interfacial region by Li et al., 24 which reveals that the stress in the oxide film is higher in the initial stages of oxidation and is reduced as the oxide thickens up. Figure 4 presents oxygen incorporation as a function of oxidation temperature for Si-face oxide films. A non-linear relationship was observed in the logarithmic-linear plot, indicating that oxide thickness dependence on temperature is not exponential. Note that an exponential relationship with temperature would be expected for a process activated only by temperature, as given by the Arrhenius equation. Thus, a mechanism other than thermal activation, such as atom emission due to strain, which does not depend on temperature, should be taking part in the early steps of SiC oxidation. The figure also reveals that Si-face oxide films incorporated similar amounts of 18 O (about 7 Â 10 15 O/cm 2 corresponding to a $2 nm stoichiometric SiO 2 film) when oxidations were carried out at 900 and 1000 C, irrespective of 18 O 2 pressure and oxidation time. Remember that, as evidenced in Fig. 3 , the oxide film is not stoichiometric in this stage of oxidation, consisting of a layer of silicon oxicarbides. Nevertheless, this indicates a huge reduction in the oxidation rate as compared to the very early oxidation steps, since samples oxidized at 900 and 1000 C for 60 min presented roughly the same 18 O incorporation as samples oxidized for 30 min. Moreover, it suggests that those layers were formed very rapidly, before 30 min of oxidation. Such very rapid growth was also observed on other investigations. 25 This very rapid growth followed by a reduction in the oxidation rate can also be observed in the Arrhenius plots for oxidation rates in Siface films (Fig. 5) , where it is shown that the oxide growth rate determined for Si-face oxide films grown at 900 C and 100 mbar is about 0.016 nm/min, (which is as fast as the C-face oxide growth rate under the same conditions), and this growth rate is reduced to 0.008 nm/min as the oxide film reaches the thicknesses used to calculate growth rates presented for oxides grown at 1000 C and 100 mbar. This evidences that the oxide thickness plays a greater role as compared to temperature and pressure when determining the growth rate of very thin oxide films. Besides, data in Fig. 5 present an upright-parabolic shape for 100 and 200 mbar samples, indicating that the activation energy is gradually increasing with temperature, and in our case, with film thickness. A non-linear relationship among Arrhenius plot data concerning <1100 C on Si-face oxide films can be observed. It must be noticed that the thickest Si-face oxide film in this temperature range is $4 nm (see Fig. 2 ), value that is similar to the maximum thickness of the interfacial layer, as observed in Fig. 3 . We remind that oxidation time, temperature, and pressure can influence the amount of incorporated oxygen in the film that is estimated as film thickness, depending on the mechanism that is taking place. In these very early steps of oxygen incorporation, mechanisms other than the reaction of Si atoms with oxygen appear to play a role as will be elucidated and discussed in the following.
The reduction in the oxidation rate and increasing E a found for Si-face oxide films could be related to atom emission from the interface, because, according to Kouda et al., 26 the reduction in the atom emission process, which reduces the initial oxidation rate, occurs until the interfacial region reaches its maximum width. By verifying 900 C and 1000 C Si-face film characteristics in Fig. 3 , one can note that this is the interval in which the oxide film starts to reach SiO 2 stoichiometry, meaning that the interfacial region has reached its maximum development. This situation is analogous to that described by Kouda et al. Taking the Arrhenius equation into account, a reduction in the oxidation rate can be associated with an increasing E a , due to varying oxidation mechanisms. Thus, we can infer that the increasing E a found for Si-face oxide films may be associated with the step-by-step accumulation of the emitted atoms leading to a gradual variation of the oxidation mechanism. From Fig. 5 , we observe that E a keeps varying until the case of films grown at 1100 C whose thickness is $4 nm, as seen in Fig. 2 , suggesting that accumulation of emitted atoms is not yet saturated at this thickness.
Moreover, if we consider that atom emission from the substrate is ruling oxide growth at this stage, the very high initial growth rate could also be related to the "active oxidation mode," 27 where oxide growth occurs in the oxide surface rather than in the interface. 8 Figure 4 reveals that the influence of oxygen pressure is negligible in the oxygen incorporation of very thin films, suggesting that there is enough oxygen to react with emitted atoms even at the lowest pressure tested. This behavior is similar to what was observed in other works, 26 corroborating that the limiting step of the oxidation seems not to be related to the availability of the oxidant species, being limited by atom emission and active oxidation in the interfacial region 10 for films thinner than 4 nm. As we have reported before, 23 O incorporation can be expressed as the product of oxygen pressure and oxidation time (p Â t) for O incorporation as a function of (p Â t) for samples of this work. One can see that linear relationships are observed in all datasets, except those indicated in Fig. 6(b) . These data points, concerning Si-face samples oxidized at 900 and 1000 C, are not considered to be linear since the adjusted R-square coefficient is rather low. This indicates that the linear (p Â t) relation is not valid for films thinner than $4 nm grown on the Si-face, corresponding to when the interfacial region is still being formed. Again, it could be an evidence that atom emission from the substrate and active oxidation are ruling oxide growth in this stage.
It can be seen in Fig. 7 that linear Arrhenius relationships were observed for C-face oxide films in all pressures investigated. However, for a given pressure, two different slopes, represented by solid and dashed lines, were found. This indicates that not all data obtained using a given 18 O 2 pressure participate in the same linear behavior, suggesting that there is a change in the oxidation mechanism in all sets of samples. Such changes are indicated by solid and dashed fittings. Knowing that different slopes represent different activation energies and that the oxide growth rate is thickness-dependent, 10, 28 we track back to Fig. 2 and observe that the change in the oxidation mechanism occurs when the oxide film is around 10 nm. This means that the activation energy calculated for 200 mbar samples (1.8 eV) was obtained from oxide growth rates of films that are in the most part thicker than $10 nm, while for 100 mbar samples, 1.2 eV activation energy was originated by films that are in the most part thinner than $10 nm. This suggests that one oxidation mechanism takes place for oxides thicker than $10 nm and a different oxidation mechanism rules oxide growth of films thinner than $10 nm. This is corroborated by Fig. 8 , where it is shown that some oxide films thicker than $10 nm do not follow the same relationship between thickness and oxidation temperature as oxide films thinner than $10 nm. For 150 mbar samples, growth rates were extracted from sets of samples with comparable amounts of films thicker than 10 nm and thinner than 10 nm, yielding an activation energy of 1.5 eV, which is in between the other two activation energies obtained. Data in Fig. 8(a) show us that samples oxidized for 60 min presented a higher 18 O incorporation when submitted to higher pressures. However, this cannot be stated for 30 min samples [ Fig.  8(b) ], case that is similar to the one observed for Si-face oxide films, corroborating the idea that pressure does not play a great role in the incorporation of oxygen in the early steps of oxidation. The mentioned changes in the oxidation mechanism taking place at different thicknesses can also explain the fact that the oxide growth rate for 100 mbar samples decreases in Si-face oxides when temperature changes from 900 to 1000 C and increases in C-face oxides in which the incorporation of oxygen is larger.
Massoud's empirical equation, 29 proposed for Si oxidation, was used by Yamamoto et al. for describing oxide growth of very thin SiO 2 films on SiC empirically. 30 In their equation, there is a parameter called "characteristic length," which, according to Goto et al., indicates at which oxide thickness the balance of accumulation and consumption of interstitial atoms (i.e., the saturation of emitted atoms) occurs. 28 Values for the characteristic oxide length for Cface can be found in the literature 28, 31 and are in agreement with the approximate oxide thickness where the oxidation mechanism change was observed in the present work, which is about 10 nm for the C-face. Moreover, other researchers also observed that oxygen partial pressure has no influence in the characteristic length. 26, 30 This also occurred in the present case, where the different induce significant alterations in oxygen incorporation during the growth of the first nanometers of oxide [ Fig. 8(b) ]. Thus, the oxidation mechanism change observed in the present work for C-face films could be assigned to the saturation of emitted atoms, which occurs when the oxide film thickness is near the characteristic length ($10 nm). Hence, the E a of 1.2 eV found for the 100 mbar samples (related mostly to <10 nm oxide films) is closely related to interfacial atom emission. On the other hand, since emission saturation is reached in $10 nm oxide films, E a ¼ 1.8 eV found for 200 mbar samples (related mostly to >10 nm oxide films) concerns mainly the SiC oxidation reaction. We believe that the intermediary value found for 150 mbar samples (E a ¼ 1.5 eV) represents a situation where both interfacial atom emission and SiC reaction with oxygen processes are occurring simultaneously in comparable amounts, evidencing a non-abrupt transition between the interfacial atom emission ruled process and the SiC oxidation reaction ruled process.
IV. CONCLUSIONS
In summary, we showed that different oxidation mechanisms take place in the early steps of SiC dry thermal oxidation and discussed them in terms of strain generated in the interfacial region, atom emission from the substrate, and oxidation reactions as the oxide film becomes thicker. We observed a very rapid growth in Si-face oxide films in their primary stage, which was associated with the active oxidation mode that seems to take place until the oxide film reaches the thickness corresponding to the maximum width found for the interfacial layer, namely, 4 nm. The linear (p Â t) relation with thickness appears to be invalid for oxide films in this first growth regime. We showed that this interfacial region between SiC and the oxide film consists of silicon oxycarbides and that it may be generated due to the accumulation of interstitial atoms in a gradual process. In the case of oxide films thicker than $4 nm, our results suggest that there may be a strong correlation between C and Si emission from the substrate and the limiting step for oxide films with thicknesses below the characteristic length, which appears to be about 10 nm for the present C-face oxide films. On the other hand, for C-face oxide films thicker than the characteristic length, the oxidation reaction seems to act as the limiting step. The activation energies of those processes were determined as 1.2 and 1.8 eV, respectively. In addition, we observed that pressure exerts minimal or no influence in the growth of the first nanometers of the oxide film on both faces.
